RNA polymerase (Pol) II transcribes protein-coding genes in the nucleus of eukaryotic cells and consists of 12 polypeptide subunits. It is unknown how Pol II is imported into the nucleus. Here we show that Pol II nuclear import requires the protein Iwr1 and provide evidence for cyclic Iwr1 function. Iwr1 binds Pol II in the active center cleft between the two largest subunits, maybe facilitating or sensing complete Pol II assembly in the cytoplasm. Iwr1 then uses an N-terminal bipartite nuclear localization signal that is recognized by karyopherin a to direct Pol II nuclear import. In the nucleus, Iwr1 is displaced from Pol II by transcription initiation factors and nucleic acids, enabling its export and recycling. Iwr1 function is Pol II specific, transcription independent, and apparently conserved from yeast to human.
INTRODUCTION
Pol II is the conserved 12-subunit enzyme that transcribes mRNA from protein-coding genes in the nucleus of eukaryotic cells. Whereas the structure and function of Pol II have been extensively studied , its biogenesis is not well understood. Only recently, two proteomic studies investigated the assembly of Pol II from its subunits (Boulon et al., 2010; Forget et al., 2010) . In one study, depletion of any Pol II subunit in human cells resulted in cytoplasmic accumulation of the largest subunit, Rpb1, indicating that Pol II assembly takes place in the cytoplasm and precedes nuclear import (Boulon et al., 2010) . Cytoplasmic Rpb1 accumulation was also observed after treatment of cells with leptomycin B, a nuclear export inhibitor, suggesting nuclear trapping of a factor that directs Pol II import. Unassembled Rpb1 was reported to bind the HSP90 cochaperone hSpagh (RPAP3), the R2TP/Prefoldin complex, and RPAP4/ GPN1, which was also bound by an assembly intermediate consisting of Rpb2, Rpb3, and Rpb10-12. In a second study, knockdown of RPAP4/GPN1 led to cellular delocalization of Rpb1 and Rpb2 (Forget et al., 2010) . These studies suggest two major assembly intermediates of Pol II: one containing Rpb1, and one containing Rpb2 together with the Rpb3/10/11 subcomplex, consistent with biochemical (Kimura et al., 1997) and structural data (Cramer et al., 2000) on Pol II subunit interactions. Thus, some insights into the cellular assembly of Pol II were obtained, but the mechanism of how Pol II is imported into the nucleus remains elusive. Here we show that the conserved protein Iwr1 specifically binds Pol II between Rpb1 and Rpb2 and directs its nuclear import.
RESULTS
Since Pol II subunit sequences lack a known nuclear localization signal (NLS), Pol II likely binds an additional NLS-containing factor that mediates nuclear import. Analysis of the protein interactome in the yeast Saccharomyces cerevisiae showed that Pol II subunits copurify with the protein YDL115c (Gavin et al., 2002; Krogan et al., 2006) , which was later renamed Iwr1, for ''interacts with RNA polymerase II 1'' (Pagé et al., 2003) . Inspection and bioinformatic analysis (Kosugi et al., 2009 ) of the Iwr1 sequence revealed a putative bipartite NLS in the N-terminal protein region ( Figure 1A ). This sequence encodes a functional NLS, as it could target a 150 kDa heterologous reporter protein to the nucleus ( Figure S1A ).
To test whether Iwr1 may import Pol II into the nucleus, we constructed a yeast strain carrying a fusion of the genes encoding the Pol II subunit Rpb3 and the green fluorescent protein variant EGFP (Experimental Procedures). In growing cells from this strain, fluorescence was restricted to the nucleus, indicating that Pol II was localized in the nucleus as expected ( Figure 1C) . However, in a strain that additionally contained a deletion of the gene encoding Iwr1 (Diwr1), Rpb3 was localized in the cytoplasm ( Figure 1C ). Since Rpb3 is a component of the Rpb2-containing assembly intermediate, we also investigated localization of Rpb1 in the Diwr1 background and found it is also localized to the cytoplasm ( Figure 1D ). These results indicate that the entire Pol II enzyme is mislocalized. Nuclear localization of Pol II could, however, be rescued by transformation of a plasmid expressing Iwr1 from its natural promoter (Figure 1C) . Rescue depended on the NLS of Iwr1, as it was not achieved with Iwr1 variants that lacked the NLS or carried mutations in the two NLS sites ( Figures 1A, 1C , and S1B). Since expression of the human Iwr1 homolog partially restored Pol II mislocalization and cellular shape ( Figure 1C ), Iwr1 function is apparently conserved among eukaryotes.
To investigate whether Pol II binds directly to Iwr1 in vitro, we incubated pure yeast Pol II with recombinant Iwr1 and subjected the mixture to size-exclusion chromatography. A stoichiometric Pol II-Iwr1 complex was obtained ( Figures 2C and 2D ), indicating a direct interaction that did not require additional factors or Iwr1 phosphorylation (Albuquerque et al., 2008) . Recombinant Iwr1 variants with NLS mutations bound Pol II normally ( Figure S2A) , showing that the failure of such variants to rescue Pol II nuclear localization ( Figures 1B and 1C) was not due to impaired Pol II binding, but due to impaired NLS function. Binding studies with truncated Iwr1 variants delineated a minimal Pol II-binding region in Iwr1 ( Figures 1A and S2B ) that comprised the NLS and sufficed to rescue Pol II localization (Figures 1B and 1C and S1B) .
We elucidated the architecture of the Pol II-Iwr1 complex by cryo-electron microscopy (cryo-EM). In negative stain, the Pol II-Iwr1 complex formed single particles of the expected size (Figure 2B ). Cryo-EM images were collected, and an electron density map at 21 Å resolution was reconstructed from 25,206 particles (Figures 2A and S2F) . A difference density map between the cryo-EM reconstruction and the free Pol II crystal structure revealed a major density in the Pol II active center cleft (Cramer et al., 2001 ) that was attributed to Iwr1 (Figure 2A) . The difference density volume does not fully account for the Iwr1 molecular weight, suggesting that parts of Iwr1 remain flexible in the Pol II-Iwr1 complex, as required to keep the NLS accessible to the import machinery. Consistent with this model, the Pol II-Iwr1 complex bound the karyopherin a variant GST-Kap60D73 in vitro (Figures S2G and S2H) . Binding of Iwr1 in the cleft between the two large Pol II subunits suggests that Iwr1 only binds Pol II that is completely assembled, preventing nuclear import of nonfunctional assembly intermediates.
The cryo-EM results predicted that nucleic acids that interact with the active center cleft compete with Iwr1 for Pol II binding. Consistent with this prediction, a DNA-RNA scaffold and an RNA inhibitor that both bind in the cleft (Kettenberger et al., 2006) displaced Iwr1 from a Pol II-Iwr1 complex in vitro ( Figures  2D and S2C) . Thus, Iwr1 must liberate the cleft for nucleic acid binding, arguing against a suggested role of Iwr1 in transcription (Peiró -Chova and Estruch, 2009). Indeed, recombinant Iwr1 did not influence RNA elongation by Pol II in vitro (data not shown). Iwr1 was also not required for promoter-dependent transcription, as a nuclear extract from Diwr1 cells supported transcription in vitro ( Figures 3A and 3B ). Transcription was even quenched upon addition of recombinant Iwr1, likely by the formation of inactive Pol II-Iwr1 complexes ( Figure 3B ). Further, the gene expression profile of the Diwr1 strain was not related to any profile of 263 transcription factor gene deletion strains (Hu et al., 2007; Reimand et al., 2010 ) ( Figure 3C ). Instead, a lack of Iwr1 led to pleiotropic effects on gene expression in vivo (Tables S1 and S2 ). A total of 794 mRNA levels were significantly changed, with 60% being decreased, generally consistent with previous data (Bianchi et al., 2001 ) and likely accounting for an altered cellular shape ( Figures 1C-1E ). These results argued against a role of Iwr1 in transcription, but for a general role of Iwr1 in Pol II nuclear import. To further support this, we compared Diwr1 strains expressing different Iwr1 variants for their growth rates and levels of Pol II nuclear localization ( Figure 1B) . Strains expressing Iwr1 variants that partially rescued Pol II localization generally grew faster than strains expressing variants that did not rescue Pol II localization, and the N-terminal part of the bipartite NLS was critical for both. Thus, Pol II nuclear import is a key function of Iwr1 in vivo.
To test whether Iwr1 may also regulate the expression of Pol II subunits and, thus, cellular levels of Pol II, we measured the protein level of the Pol II-specific subunit Rpb3, which is limiting in Pol II complex formation (Kimura et al., 2001) . Rpb3 levels were unaltered in cells lacking Iwr1 ( Figure S1C ), indicating that Pol II concentrations are unaltered in the knockout cells and that Pol II mislocalization is not a result of excess Pol II accumulation in the cytoplasm. Levels of the Pol II subunit Rpb1 were, however, higher in cells lacking Iwr1 ( Figure S1C ). This was not due to increased Rpb1 mRNA levels, as measured by transcriptomics ( Figure 3C ), but rather a consequence of Rpb1 protein stabilization. Indeed, the Rpb1 protein half-life was increased ( Figure S1D ), indicating reduced Rpb1 degradation, which occurs cotranscriptionally (Somesh et al., 2005 (Somesh et al., , 2007 .
We next asked how Iwr1 is recycled after the Pol II-Iwr1 complex enters the nucleus. The location of Iwr1 in the Pol II cleft suggested that Iwr1 is displaced when Pol II assembles with transcription initiation factors on promoter DNA. Indeed, the initiation factor TFIIB, which contains regions that bind in the cleft (Kostrewa et al., 2009) , partially displaced Iwr1 from Pol II in vitro ( Figure S2D ). Iwr1 was also partially displaced from Pol II upon addition of a minimal promoter DNA complex containing TFIIB and the TATA box-binding protein TBP ( Figure 2C ). Iwr1 displacement may liberate a nuclear export signal (NES) that is present in Iwr1 (Peiró -Chova and Estruch, 2009). The NES is required for full restoration of Pol II localization in vivo ( Figure 1B) . Consistent with these results, fluorescently labeled Iwr1 is distributed over the cell, but is trapped in the nucleus upon NES deletion ( Figures 1A and 1E ). Combining the NES deletion with NLS mutations abolished nuclear trapping of Iwr1, indicating that nuclear import of Iwr1 is solely directed by its own NLS ( Figure 1E ). These results indicate that the nuclear Pol II-Iwr1 complex disassembles when Pol II forms a promoter complex for transcription and that liberated Iwr1 is recycled by nuclear export, facilitated by its NES. Finally, we investigated whether Iwr1 also directs import of eukaryotic Pol I and Pol III. We constructed yeast strains carrying an EGFP fusion of the gene encoding Rpa190 or C160, the largest subunits in Pol I and Pol III, respectively ( Figure S1E ). Nuclear localization of the Pol I and Pol III subunits was essentially unchanged in the Diwr1 strain. Consistently, we did not observe binding of Iwr1 to purified Pol I or Pol III in vitro (data not shown). These results establish Iwr1 as a Pol II-specific nuclear import adaptor that does not import Pol I and Pol III. However, in plant cells, Iwr1 may import Pol IV and Pol V, two plant-specific, Pol II-related enzymes (Ream et al., 2009 ), because Iwr1 is required for Pol IV/V-dependent processes in Arabidopsis (He et al., 2009; Kanno et al., 2010) .
DISCUSSION
Our results can be explained with a cyclic model for Iwr1 function in Pol II nuclear import (Figure 4) . Iwr1 binds Pol II that is assembled in the cytoplasm. Iwr1 then uses its bipartite NLS to direct Pol II nuclear import. Iwr1 binding between the large Pol II subunits may sense complete Pol II assembly and limit nuclear import to functional Pol II. In the nucleus, Iwr1 is displaced from the Pol II active center cleft during formation of the transcription initiation complex on promoter DNA. Liberated Iwr1 is then exported from the nucleus with the help of its NES. Finally, Iwr1 can bind and import another Pol II complex into the nucleus, closing the cycle. Cyclic Iwr1 function is apparently conserved throughout eukaryotes, since the human Iwr1 homolog can partially substitute the yeast protein in cells. Functional conservation is also suggested by a conservation of amino acid sequence in the functionally relevant Pol II-binding region of 39% (23% identity) and 31% overall (20% identity).
Together with two recent reports (Boulon et al., 2010; Forget et al., 2010) , our results provide a starting point for analyzing the mechanisms of RNA polymerase biogenesis and cellular localization. Our data are consistent with Pol II assembly in the cytoplasm and Pol II degradation in the nucleus and also generally with recent observations (Boulon et al., 2010; Forget et al., 2010) . One published observation seems inconsistent, namely that small Pol II subunits are not delocalized in the cell when the presumed assembly factor RPAP4/GPN1 is depleted, which led to the suggestion that Pol II assembly may be nuclear (Forget et al., 2010) . However, there are alternative explanations for this observation, including a role for the poorly characterized factor RPAP4/ GPN1 that is different from the one assumed and a possible rapid degradation of nonassembled small Pol II subunits. Tables S1 and S2. Finally, alternative, less efficient pathways for Pol II nuclear import may exist. The Diwr1 strain is very sick, but viable, and thus a fraction of Pol II must be imported into the nucleus in an Iwr1-independent manner. Such inefficient, fractional Pol II import may be mediated by any Pol II-binding factor that contains an NLS, such as the general transcription factors TFIIB and TFIIF (Hodges et al., 2005; Sü el and Chook, 2009) . This is consistent with the observation that strains expressing Iwr1 variants that contain mutations in NLS-N grow more slowly than strains that do not express Iwr1 at all ( Figure 1B) . In these cases, functionally deficient Iwr1 binds Pol II ( Figure S2A ) and likely blocks binding of alternative NLS-containing factors. The observation that Iwr1 is Pol II specific may indicate that RNA polymerase biogenesis and nuclear localization provide an additional level of genomic regulation that can set global expression levels, as suggested recently (Zhurinsky et al., 2010) .
EXPERIMENTAL PROCEDURES Strains and Constructs
The generation of strains and constructs is described in Supplemental Information.
Growth Analysis and Microscopy
For growth curves in SC-Ura medium of Rpb3-EGFP/Diwr1 cells transformed with Iwr1 rescue constructs, triplicate cultures were inoculated from an overnight culture at an optical density at 600 nm (OD 600 ) of 0.1 and grown for up to 9 hr at 30 C. For each culture, doubling times were calculated based on four OD 600 measurements during the exponential growth phase. For microscopic analysis, Rpb3-EGFP, Rpb3-EGFP/Diwr1, Diwr1, or wild-type cells transformed with different Iwr1 rescue or NLS reporter constructs were grown to an OD 600 of 0.8 in SC-Ura or -Leu medium. For Rpb1-EGFP, Rpb4-EGFP, Rpa190-EGFP, and C160-EGFP cells with or without iwr1 deletion, YPD medium was used. Cells were harvested in exponential phase, fixed with 5% (w/v) paraformaldehyde, transferred to glass slides treated with 0.02% (w/v) poly-L-Lys (Sigma-Aldrich, Hamburg, Germany), stained with 1 mg/ml DAPI (4 0 ,6-diamidino-2-phenylindole) in PBS for 10 min, and washed three times with PBS. Imaging was performed with a Leica AF6000 fluorescence microscope at 1003 magnification and the Leica LAS AF Software (Wetzlar, Germany). Quantification of nuclear and cytoplasmic fluorescence was done with ImageJ (http://rsbweb.nih.gov/ij/). For EGFP images, linear contrast adjustment was used. For DAPI images, nonlinear contrast adjustment was used in some cases to facilitate the identification of the nucleus.
Pol II-Iwr1 Complex Preparation
Endogenous S. cerevisiae Pol II core and recombinant Rpb4/7 were purified as described (Sydow et al., 2009 ). Full-length Iwr1 and truncation variants were purified as described in Supplemental Information. Pol II core, Rpb4/7, and Iwr1 were mixed in a 1:5:5 molar ratio, incubated at 20 C for 20 min, and applied to a Superose 6 size-exclusion column (GE Healthcare, Munich, Germany). The eluted Pol II-Iwr1 complex was concentrated and subjected to cryo-EM analysis and single particle reconstruction as described in Supplemental Information.
Complex Formation and Transcription Assays
For competition experiments, the promoter scaffold was annealed as described (Damsma et al., 2007) , and TBP and TFIIB were purified as described (Kostrewa et al., 2009 ). GST-Kap60D73 was purified as described (Cook et al., 2005) . Species to be assembled were added in different stoichiometric ratios and incubated as indicated ( Figures 2C, 2D , S2G, and S2H), and this was followed by size-exclusion chromatography and analysis of peak fractions by TCA precipitation, SDS-PAGE, and mass spectrometry. Yeast nuclear extracts were prepared from 3 l of culture as described (http://www.
fhcrc.org/labs/hahn). In vitro transcription and primer extension was as reported (Lariviè re et al., 2008; Ranish and Hahn, 1991) .
Gene Expression Analysis
The Diwr1 strain and an isogenic wild-type strain were grown in YPD medium with 2% (w/v) glucose. Microarray analysis was performed as described (Koschubs et al., 2009 ). Classification of significantly differentially expressed genes was carried out according to the Super GO-Slim Mapper (http://www. yeastgenome.org). Comparison of the IWR1 profile with those of transcription factors was done using the reanalysis (Reimand et al., 2010 ) of a yeast knockout compendium (Hu et al., 2007) . Pairwise Pearson correlations of the fold expression relative to wild-type were calculated between all profiles. The first two principal components of the resulting correlation matrix were visualized ( Figure 3C ).
Immunoblots and Rpb1 Half-Life Determination Yeast cells were grown to exponential phase and lysed in alkaline conditions (1.85 M NaOH, 7.5% [v/v] b-mercaptoethanol) on ice for 20 min with intermittent vortexing, followed by protein precipitation on ice for 20 min with 25% (w/v, final) trichloroacetic acid. Precipitate was pelleted and redissolved in SDS loading buffer and run on an SDS-PAGE. Immunoblots were performed essentially as previously described (Knop et al., 1996) , using the antibodies a-Pgk (mouse, 1:20,000; Invitrogen, Carlsbad, CA), a-Rpb1/8WG16 (mouse, 1:500; Covance, Princeton, NJ), a-Rpb3 (mouse, 1:2000; Neoclone, Madison, WI), and a-mouse HRP-coupled (goat, 1:3000; Bio-Rad, Hercules, CA). Chemiluminescent signal was recorded on a Fuji LAS-3000 imaging system (Tokyo, Japan) and quantified with ImageJ (http://rsbweb.nih.gov/ij/). For half-life experiments, a chase with 500 mg/ml cycloheximide was performed as previously described (Hampton and Rine, 1994) , and the value for Rpb1 in wildtype was calculated by linear regression of the logarithmized relative intensities.
ACCESSION NUMBERS
The cryo-EM structure of the Pol II-Iwr1 complex has been deposited at the EMDB (http://www.ebi.ac.uk/pdbe/emdb/) under the accession code EMD-1883. Raw and normalized transcriptional profiling data are available at ArrayExpress under the accession number E-MEXP-3126.
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